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£«h A , K heat " resista nt magnesium alloy contains 
based on the total weight of the alloy. 4.5-10 wt % of' 
a.urn,num. 0.1-3 wt.% of calcium, 1-3 wt% of a t e 
arth element and 0.2-1 wt.% of manganese and has a 

umTdtT that C ° mentS °' a « u ™"™ -fc" 

of thTfo rare Sarth e,ement satisf V tne relationship 
of the following expression (1 ): P 



1 -66 + 1 .33fa + 0.37c S a S 2.77 + 1 .33b + 0.74c 



(1) 



slum 3 rep ; eSen,S me C ° n,6nt of a,uminur "- b repre- 

ten J t L ent ° f Ca ' CiUm ' " nd C "V*™* the con- 
tent of the rare earth element. 
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Description 

The present invention relates to a heat-resistant magnesium alloy suitable for use in mechanical parts of which 
weight saving is required, for example, automobile parts. 
s In recent years, there has been a demand for weight saving of automobile parts with a view toward improving fuel 

consumption of automobiles. It has been investigate to use magnesium alloys as materials for such parts. 

In past, Mg-AI-Zn-Mn type alloys (AZ91D alloys) containing 9 wt.% of aluminum, 1 wt.% of zinc and 0.5 wt.% of 
manganese.; Mg-AI-Mn type alloys (AM60B alloys) containing 6 wt.% of aluminum and 0.3 wt.% of manganese, and 
the like have been known. However, the strength of all the above-described magnesium alloys is reduced at about 
io 120°C, and so they are unfit for uses of which high-temperature strength or high heat resistance is required. 

Mg-AI-RE (rare earth element) type alloys to which a rare earth element is added in order to improve the high- 
t mperature strength of the above magnesium alloys, for example, an AE42 alloy (specification of Dow Chemical Co.) 
containing 4 wt.% of aluminum and 2 wt.% of a rare earth element, are known. However, the AE42 alloy is insufficient 
in creep strength and is hence unfit for uses of which high high-temperature strength is required in a pressed state. 
is Therefore, there have been proposed various attempts to improve material characteristics such as high-temper- 

ature strength and creep strength. 

For example, Japanese Patent Application Laid-Open No. 25790/1994 discloses magnesium alloys containing 
2-10 wt.% of aluminum, 1 .4-10 wt.% of calcium, having a Ca/AI ratio of at least 0.7 and further containing each at most 
2 wt.% of zinc, manganese, zirconium and silicon, and at most 4 wt.% of at least one element selected from rare earth 
elements (for example, yttrium, neodymium, lanthanum, cerium and Misch metals). This publication describes the fact 
that the inclusion of the rare earth element permits improvement in the high-temperature strength of the magnesium 
alloys, and this effect is further enhanced by using the rare earth element in combination with calcium. 

Besides, Japanese Patent Application Laid-Open No. 11374/1995 discloses magnesium alloys containing 1.5-10 
wt.% of aluminum, at most 2 wt% of a rare earth element and 0.25-5.5 wt.% of calcium. According to the above 
2S magnesium alloys, creep strength at high temperature is said to be improved. 

Further, Japanese Patent Application Laid-Open No. 278717/1995 discloses magnesium alloys containing 1.5-10 
wt.% of aluminum, at most 2 wt.% of a rare earth element and 0.25-2.5 wt.% of calcium. According to the above 
magnesium alloys, resistance to thermal settling (percent reduction in axial force) is said to be improved. 

However, when calcium is contained in a magnesium alloy, the resulting alloy involves a disadvantage that it tends 
so to undergo casting crack, in particular, high-heat crack right after casting in the case of a casting process high in cooling 
rate, such as die casting. 

It is desirable to provide a magnesium alloy which solves the above disadvantage, is excellent in high -temperature 
properties such as high-temperature strength and creep elongation and undergoes no casting crack. 

It is also desirable to provide a magnesium alloy produced by die casting and having excellent residual joint axial 
35 force under a high-temperatur e and high-load environment when joined by a bolt or bolts. 

In a casting process high in cooling rate, it is considered that casting crack is caused when the strength of the 
resulting cast product is insufficient against stress generated with shrinkage upon solidification of the cast product. 

The structure of a magnesium alloy is generally composed of a dendrite structure. A part of the dendrite may be 
converted into an a crystal grain by subsequent working, heat treatment and/or the like. However, it is difficult to dis- 
tinguish the dendrite from the a crystal grain at a glance. Therefore, the matrix and grain boundary of the cast structure 
are described as "dendrite or a crystal grain' and 'dendrite cell or a crystal grain boundary", respectively, in this spec- 
ification. 

When calcium and a rare earth element are contained in a magnesium alloy, a solid solution is scarcely formed 
because calcium and the rare earth element are low in solid solubility in the matrix of the magnesium alloy. Therefore, 
they are crystallized out as such a network-like eutectic phase as they fill up the space of the dendrite cell or a crystal 
grain boundary. It is known that the heat resistance of the magnesium alloy is improved by the eutectic phase. However, 
th magnesium alloy containing calcium and the rare earth element scarcely gains strength between matrices (dendrite 
or a crystal grains) until the eutectic phase solidifies. Therefore, it is considered that such a magnesium alloy does not 
gain resisting force against the stress generated upon the casting, and so it tends to undergo the casting crack. 

Thus, the present inventors have carried out a repeated investigation as to the compositions of magnesium alloys 
containing a rare earth element. As a result, it has been found that the reason why calcium and the rare earth element 
are crystallized out as the eutectic phase is that the amount of aluminum present in th grain boundary (dendrite cell 
or a crystal grain boundary) of the magn sium alloy is little, and the casting crack can hence be reduced by containing 
aluminum in the magn sium alloy in an amount appropriate to the contents of calcium and th rare earth elem nt 

According to an aspect of the present invention, there is thus provided a heat-r sistant magn sium alloy containing 
bas d on the total weight of the alloy, 4.5-1 0 wt.% of aluminum, 0. 1 -3 wt.% of calcium, 1 -3 wt.% of a rare earth element 
and 0.2-1 -wt.% of manganese and having a composition that the contents of aluminum, calcium and the rare earth 
element satisfy the relationship of the following expression (1): 
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1. 66 + 1. 33b + 0.37c S a <; 2.77 + 1. 33b + 0.74c (1) 
■ "^eTnr C ° ntent ° f ^^"^ b ™^ — of ca.cium, and c represents the content of 

^re^ 

' tural form of the magnesium alloy is tZS^^J^J?,^ " *!° , ? nfl Pr ° P6rty ,0 a,Uminum ' the ««- 
crystal grain boundary) is increased, so that thVcLiumTd ™ ° „T T 9ra ' n b ° Unda,y (dendrite Ge " °'<* 
a.uminum. Since the compound phase ^n^^^Z^Tn ^ ^ 3 C ° mp ° Und phase 
at atemperature higher than sucEa networt tZ SliSSISSES ™ "J e ' ement ' "* a,UminUm SOlidifle * 
of the dendrite cell or a crystal grain boundaTthe resu^ T^!; T "* We e ' ement fi " U P s P ace 
erated wjh shrioK, ge upon solidification of STpSR ^ ^ * 9en ' 

Be Sl des, the temperature of a liquid phase in a casting mo.d isjowerad ^L~^- .- ... - 

^mdineu in me. magnesium alloy. Therefore the tPmnorat.,^ „ r ~ 7 ,,,% " ea « , 9 "* e amount ot aluminum 

stress generated with the shrinkage unon ^^2^1^?! UP ° n 1,16 solidifi ^'°" becomes narrow, so that 
According to the magnesium alio ?of£ 'SfSS^SK?? * **■ ma9nesium ■** becomes weak. - 
the inclusion of^luminum in an amount withir me abZ l^Z'^T ' CfaCk Ca " be reduced owin 9 * 

On the other hand, when the m&XSSZ!^^ C ° ntentS ° f Ca ' C, ' Um and the rare eartn ™*al. 

sium-aluminum compound (Mg 17 A, 12 , is deposed H^s mafnx a „^ ma 9 nes,um all °V becomes too great, a magne- 
compound undergoes coarse sol dif iLn ? n Ten 5 teS 9 a,n , bou " dar y- When the magnesium-aluminum 

ab^^ -V is r contro„ed to an amount within the 

bines with the calcium and rare earth Element toereZ ^? ? ' alum,num discharged in the grain boundary com- 
pound. Besides, when manganese is coTtaine ZZTJZTfZ™ °' the ™^^~. 
d position of the magnesium-aluminum compound is preZted^ln!, ?T " ma 9 nesium the 

According to the magnesium alloy of the above cVnsZtor f 5l^ 9 T' * " 3 P6nteCtiC System " 
prior art alloys can be obtained owing to the SSS^SSS^T?* ^k^* ° f the same de 9ree as the 
spective ranges to the contents of cab ium id t Z lanTeZent man9an6S6 " am ° UntS Wi,hin ^ <+ 

die o^n^^^lZ^^^ P T nt inVenti ° n ^ bS CharaCt ^ ed **« « *s used * 

duetoshrinkageuponsoiid^^ 

the present invention, the stress is however we^ 

be obtained, so that casting crack upon die caJt^g can be "educed ' resistant to the *ress can . 

e-emen fflfflS ^^2^ T * ^oHzed in that^e rare earth 
lanthanum, cerium, praseodymium neoXmTum n™,* ' * may bS USed ° ne or more of scandium, yttrium 

'"thefirstaspectofthepre^ 

magnesium alloy, which falls within the above Jescrfeed ranae ^^ * '^"t" 6 c ^P°sition of the heat-resistant 
ranges upon using i, in die casting, the res^g a ,lov becomf. a I f " m ' ted ,0 3 com P os 't™ Within ^ecific 
residua, joint axial force under a.h.gh-ten^era^ Structura » fo ™ 9ains excellent 

According ,o another aspect of the presennnvemS "h enV ' ° nment ^en by a bolt or bolts, 

obtained by die casting and cLain^alm^ a ' S ° 9 7 MM 3 "^-resistant magnesium alloy 

m an alloy structure, and an aluminum-rare Zn*Z7™^ VP COmpound c °vers a dendrite or a crystal grain 
crystal out in a d ndrite cel. ™c^££%^ h ^ to ™ ° f a s P ha « da < P«*i which is 

^^triTrm r™ aspect ° f the p — — - - 

their specific ranges to subject it to die citing 1^7^ " a "° y 15 "' mited to a composition within 

whole surface of the dendrite oracrystal grain ihTlnl^T T** 1 ™™ com P° und ^ed covers the 
and so the embritt.em nt of the ^ structure c^ r ^^^P 0 "^ stable at a high temperature, 

crystal grain with this compound prevented by cover.ng the whole surface of the dendrite or a 
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Besides, according to the heat-resistant magnesium alloy according to the second aspect of the present invention 
the aluminum-rare earth element type compound in the form of a spherical particle is crystallized out in the dendrite 
cell or a crystal grain boundary at the same time as the formation of the aluminum^alcium type compound The alu- 
minum-rare earth element type compound in the form of a spherical particle is crystallized out in a state that a wedge 
is driven into the aluminum-calcium type compound which covers the dendrite or a crystal grain, whereby the resistance 
to distortion at high temperature of the resulting alloy becomes very high. 

As a result, the heat-resistant magnesium alloy according to the second aspect of the present invention can provid 
excellent residual joint axial force under a high-temperature and high-load environment when joined by a bolt or bolts 
Incidentally, the aluminum-rare earth element type compound contains calcium. However, the content of the cal- 
cium is very low, and so such a compound is described. as "aluminum-rare earth element type compound" in this 
specification. 

The heat-resistant magnesium alloy of the above constitution can be obtained by die casting in a composition 
containing, based on the total weight of the alloy, 4.5-6.0 wt.% of aluminum, 1 .2-2.2 wt.% of calcium and 1 0-3 0 wt % 
of a rare earth element. 

« The heat-resistant magnesium alloy contains aluminum in the above range, whereby aluminum combines with the 

rare earth element and calcium to form an aluminum-calcium type compound which is an intermetallic compound 

Besides, the heat-resistant magnesium alloy contains the rare earth element in the above range, whereby the rare 
earth element forms an aluminum-rare earth element type compound in the form of a spherical particle. 

Further, the heat-resistant magnesium alloy contains calcium in the above range, whereby the aluminum-rare earth 
20 element type compound is spheroidized, and moreover the aluminum-calcium type compound can cover the whole 
surface of the dendrite or a crystal grain. 

Incidentally, the heat-resistant magnesium alloy may contain zinc in addition to aluminum, calcium and the rare 
earth element. However, when a compound phase containing zinc is formed in the grain boundary, the residual joint 
axial force of the resulting alloy is reduced, and so the content of zinc is within a range in which zinc may be contained 
2S as a solid solution in the matrix, and is 0.5 wt.% or lower. 

For a better understanding of the invention, and to show how the same may be carried into effect, reference will 
now be made, by way of example, to the accompanying drawings, in which: 

FIG. 1 is a graph illustrating a range of an aluminum content to a calcium content in a magnesium alloy according 
to a first aspect of the present invention where a content of the rare earth element is 1 wt.%; 
FIG. 2 is a graph illustrating a range of an aluminum content to a calcium content in a magnesium alloy according 
to the first aspect of the present invention where a content of the rare earth element is 2 wt.%; 
FIG. 3 is a graph illustrating a range of an aluminum content to a calcium content in a magnesium alloy according 
to the first aspect of the present invention where a content of the rare earth element is 3 wt.%; 
FIG. 4 is a cross-sectional view of a casting mold for a ring test used in determination of casting crack* 
FIG. 5 is a copy of an electronic microphoto graph illustrating a metallic structure of a magnesium alloy according ■ 
to a second aspect of the present invention; 

FIG. 6 is a copy of an electronic microphotograph illustrating the metallic structure of the magnesium alloy according 
to the second aspect of the present invention; 

FIG. 7 is a copy of an electronic microphotograph illustrating the metallic structure of the magnesium alloy according 
to the second aspect of the present invention; 

FIG. 8 is an explanatory cross-sectional view illustrating how to measure an axial force; 

FIG. 9 is a copy of an electronic microphotograph illustrating a metallic structure of a magnesium alloy according 
to Comparative Example 6; . 

FIG. 10 is a copy of an electronic microphotograph illustrating the metallic structure of the magnesium alloy ac- 
cording to Comparative Example 6; . 

FIG. 11 is a copy of an electronic microphotograph illustrating a metallic structure of another magnesium allov 
according to Comparative Example 6; 

FIG. 12 is a copy of an electronic microphotograph illustrating the metallic structure of the another magnesium 
50 alloy according to Comparative Example 6; and 

FIG. 13 is a copy of an electronic microphotograph illustrating the metallic structure of the another magnesium 
alloy according to Comparative Example 6. 

Embodiments of the present invention will hereinafter be described in more detail with reference to the accompa- 
nying drawings. FIGs. 1 to 3 ar graphs each illustrating a range of an aluminum content to a calcium cont nt in a 
magnesium alloy according to a first embodiment of the present invention where the content of the rare earth element 
is made constant. FIG. 4 is a cross-sectional view of a casting mold for ring test used in determination of casting crack 

FIGs. 5 to 7 show electronic microphotographs each illustrating a metallic structure of a magnesium alloy according 
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to a second embodiment of the present invention an ri pr a ;~ 

to measure a residual joint axiafforce o, Z ^ g ^%l^^7 C "***«*™* view i,,ustrating how 
invention when joined by a bolt. y accordin 9 to the second embodiment of the present 

acJTg to t ;:^::^ e ~ --^0^ eaC h ametanic structure of a magn , slum aiioy 

of atuminum. 0.1-3 wt.% of ca,cium^ 

and each have a composition that the contents of aluminum S Jum and ,h T and ° Wt % of "^anese 
of the following expression (i): 'ummum, caic.um and the rare earth element satisfy the relationship 

1.66 + 1.33b + 0.37csas2.77 + 1.33b + 0.74c 

^"xpressi^ 

10 wt.% or the right member (2.77 + 1.33b + 0^2 tf*e ^2 be ^ ,eved " the content of aluminum exceeds 
elongation of the^esulting magnesium alloy is lowered eX P ress,on < 1 >. *e heat resistance, in particu.ar, creep 

elongation of the resuming magnesium al.oyTre lowered ^ ^ heat resis ^. particular creep 

the « ol p,.„e„ti„ 9 «, e ca^g crack cmn<J , V be me °«« °< »>« rata earth elamam exeaads 3 «.%. 

the resulting magnesium alloy is lowered ntSnt ° f man 9ane8.e exceeds 1 wt.%, the strength of 

tan 0.3 «.% and tess lha „ o., ^ ~ *^ « ** <* s^rr, „sa Wa n 0.2 «.% o. Iro „, tess 

Example 1: \ 

2.03+ 1.33b £a S 3.S1 +1 33b 

(2) 

Sr a^, omte a^r~S 

™ „ ^ ^ m . izzsz ^tay-s; ■ . 

■J? '^Ir^Vir^rSfo'^ ""T" " ° U ' e ' m * »— ' * -mid Ort a 
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r n of 38 mm and a lower external diameter r 2 of 37.6 and is thicker than the outer mold 2. Incidentally, ceramic powder 
was spray-coated and dried on the base 1 upon the casting of the ring-like casting. 

Second, the test of strength evaluation was performed by using a 250-t cold chamber die casting machine to 
conduct die casting at a mold temperature of 10CTC and plunger speed of 1.7-2.5 m/sec, thereby producing a round 
bar having a diameter of about 20 mm and a length of 200 mm. A creep test piece and a tensile test piece, which had 
a threaded part having a grip section of outer diameter of 12 mm, a pitch of 1.0 mm and a 30 mm paralleled part of 
8.0 mm in diameter, were machined from this round bar. The tensile test was performed at 150°C and a crosshead 
speed of 0.5. m/sec. Besides, the creep test was performed under stress of 50 MPa at 15d°C to measure an elongation 
after 100 hours excluding an initial elongation. 

The compositions of the magnesium alloys according.to this example, and the results of the casting crack and 
strength evaluation tests are shown in the following Table 1 . 



Comparative Example 1: 
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Magnesium alloys of Sample Nos. 7 to 13 were produced in the same manner as in Example 1 except that 1 wt. 
% of the Misch metal and 0.45 wt.% of manganese were included, and contents of aluminum and calcium were varied 
outside the region surrounded by the thick line in FIG. 1 , thereby performing the casting crack and strength evaluation 
tests in the same manner as in Example 1 . The compositions of the magnesium alloys according to this comparative 
example, and the results of the casting crack and strength evaluation tests are shown in the following Table 1 . 

F-r?" D :c ■-. f - I rc. 
Co -0.I - i , x , ■> Table 1 



25 


Sample 


Composition (wt.%) 


crack 


lcnsiie 
strength 


Elon- 
gation 

(%) 


Creep 
elon- 




No. 




Ca 


RE 


Mn 


Al 


length 
(nm) 


(MPa) 


gation 
(%) 


30 




1 


0.76 


1.00 


0.45 


4.50 


12 


248 


6.8 


0.10 






2 


0.90 


1 .02 


0.45 


4.70 


0 


248 


6.5 


0.10 


35 


e 

H 


3 


1.80 


1 .02 


0.45 


4.50 


15 


212 


5.7 


0.03 




1 


4 


1.96 


1 .00 


0.45 


5.96 


0 


239 


4.9 


0.06 




X 

w 


5 


2.95 


1.01 


0.45 


6.00 


0 


205 


3.8 


0.03 


AO 




6 


3 .00 


1.00 


0.46 


7.40 


0 


238 


3.1 


0. 10 






7 


0.90 


1.00 


0.45 


3.98 


61 


232 


6.5 


0.01 


45 


o 

H 


8 


0.90 


1.01 


0.45 


5.01 


0 


255 


5.9 


0.26 




§ 

X 


9 


1.80 


1.01 


0.45 


4.00 


62 


200 


5.1 


0.01 


SO 


> 


10 


1.91 


1.00 


0.45 


6.45 


0 


252 


3.7 


0.32 




(d 
M 


11 


2.95 


1.00 


0.45 


5.65 


62 


19 6 


2.6 


0.01 




§• 

o 


12 


2.96 


1.00 


0.46 


7.92 


0 


249 


1.4 


0.38 


55 


o 


13 


3.55 


1.00 


0.45 


7.53 


0 


169 


0.7 


0.01 



RE: Rare earth' element (Misch metal) 
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nJt 7 S * . ' W reSP6Ct l ° 1,16 ma 9 nesium all °y s according to Example 1 . the alloys of Sample 

Nos. 2 4, 5 and 6 underwent no casting crack. Casting crack was observed on the alloys of Sample Nos 1 and 3 K 
,t was too snght to caus practical problems. In addition, the magnesium alloys according to S^hiSS 
heat resistance as demonstrated by high tensile strength and low creep elongation at 150'C 

Mn5 ° 7 ^ 9 ° lh ° r hand ; With res P ectto magnesium alloys according to Comparative Example 1, the alloys of Sample 

T 11 whose T T t6nt ™ S ,OWSr ,han 4 5 Wt % " UndefWent Casti "9 crack " Besida *- a..o o f Sample 

No. 11. whose aluminum and calcmm contents were within ranges of 4.5-10 wt.% and 0 1-3 wt % respective*, but 

d w e h rnfs: g rck en 1 was ,ower than * e m me r er (203 + 1 - 33b) of the expression *nz z 

4 5 fo 2? TnH^ ^l amP ' e N °- • ?' 10 12 ' , * 0M a ' UminUm and ca,cium ™* within ranges of 

Mm wt % respect^ely. but whose aluminum content was higher than the right member (3 51 + 

r1S^ZZ2£!~ 1) " ^ aPParem,y hi9h " CfeeP e '° n9ati0n and ^e 9 became low L he* 
tens^^ * — — " ~— ~ 3 - too low in 

Example 2: 

o/ oMh?Ml S !T^ al !° yS °l n!T P ' e N ° S - 1 4 1 ° 20 WSre Pf0dUCed in the same manner as in Sample 1 except that 2 wt 
/o of the M.sch metal and 0.45 wt.% of manganese were included, and contents of aluminum and calcium were varied' 

£ S TZT"* aCC ° rd ? l ° ,hiS 6XamPle - ,he C ° ntentS ° f a '" and ca,cium ™T^ZZo™£o 
wt. A and 0.1-3 wt.%, respectively, and satisfied the relationship of the following expression (3): " 

2.40+ 1.33b S a <4.25 + l!33b (3) 
wherein a represents the content of aluminum, and b represents the content of calcium 

Nos 14 tolo acrordTtotS <3) "TT"* ,0 *" eXPreSS '° n ° > h " hfch C * 2 ' ,n the - W-um alloys of Sample 
line in RG. 2 9 P ' 9 °' a,uminum and c *™<" are in a region surrounded by a thick 

The magnesium alloys of Sample Nos. 14 to 20 were then used to conduct tests of casting crack and strencth 
eva.uat.on ,n the same manner as in Example 1 . The compositions of the magnesium alloys Z£^££££ 
and the results of the cast.ng crack and strength evaluation tests are shown in the following Table 2 

Comparative Example 2: 

o/ Jt L 9 M SSi 7 aJ !T °L S n amP} ' • N °?- 21 t0 27 Were P rodu ^ in the same manner as in Exampletl except that 2 wt ' 
ttll ZT 3 ° f man ^ ess were in <^ed. and contents of aluminum anS caldumweVe varied 

testst £ ZT, SUrrOUnd f- d b ^ thick line in FIG. 2. thereby performing the casting crack and sVeng^h eva.ua on 
Hi , I T 38 ' n EX3mp,e 1 ' The com P°eitions of the magnesium alloys according to this comparative 

example, and the results of the casting crack and strength evaluation tests are shown in the following 
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Table 2 





Sample 


Composition (wt.%) 


Casting 
crack 


Tensile 
strength 

(MPa) 


Elon- 
gation 

(%) 


Creep 
elon- 
gation ' 
(%) 


10 


No 




Ca 


RE 


Mn 


Al 


length 
<nm) 






14 


0.50 


2 .00 


0.45 


4 .50 


10 


241 


6.9 


0.03 


IS 




15 


0.90 


2.00 


0.45 


4.50 


12 


226 


6.5 


0.03 




or 


16 


0.90 


1.96 


0. 47 


5.32 


0 


245 


6.0 


0.07 


20 


© 
H 


17 


1.81 


2 .00 


0. 45 


4.85 


0 


202 


5.4 


0.03 


i. 

x 


18 


1.86 


2.00 


0.45 


6.62 


0 


241 


4.4 


0 .08 




w 


19 


2.99 


1.96 


0. 45 


6.47 


0 


196 


3.4 


0.03 


25 




20 


3.00 


2 .00 


0. 45 


8.20 


0 


237 


2.5 


0 .09 




CN 


21 


0. 90 


2.00 


0. 45 


4.00 


57 


215 


6.3 


0.01 


30 


<D 
H 
CU 


22 


0.95 


2.00 


0. 45 


5.95 


0 


258 


5.2 


0 .35 




X 
w 


23 


1. 95 


2.00 


0. 45 


4.60 


60 


191 


4.4 


0.01 




> 
•H 


24 


1.91 


2 .00 


0.45 


7.00 


0 


248 


3.2 


0.20 


3S 


id 
M 


25 


2. 96 


1.95 


0.47 


5.95 


60 


185 


2.2 


0.01 




CO 

» 

o 


26 


2.99 


2.00 


0. 46 


8.70 


0 


248 


1 .5 


0.37 


40 


o 


27 


3.53 


2.00 


0.47 


8.00 


0 


163 


0.3 


0.01 



RE: Rare earth element (Mlsch metal) 



As apparent from Table 2, with respect to the magnesium alloys according to Example 2, the alloys of Sample 
45 Nos. 16 to 20 underwent no casting crack. Casting crack was observed on the alloys of Sample Nos. 14 and 15, but 
it was too slight to cause practical problems. In addition, the magnesium alloys according to Example 2 had excellent 
heat resistance as demonstrated by high tensile strength and low creep elongation at 150°C. 

On the other hand, with respect to the magnesium alloys according to Comparative Example 2, the alloy of Sample 
No. 21, whose aluminum content was lower than 4.5 wt.%, underwent casting crack. Besides, the alloys of Sample 
so Nos. 23 and 25, whose aluminum and calcium contents were within ranges of 4.5-10 wt.% and 0 1 -3 wt % respectively 
but whose aluminum content was lower than the left member (2.40 + 1 .33b) of the expression (3) (see FIG 2) also 
underwent casting crack. 

Furth r, the alloys of Sample Nos. 22, 24 and 26, whose aluminum and calcium contents were within ranges of 
4.5-10 wt.% and 0.1-3 wt.%, respectively, but whose aluminum content was higher than the right member (4 25 + 
1.33b) of the expression (3) (see FIG. 2), w re apparently high in creep elongation and hence became low in heat 
resistance in a stressed state. 

Furthermore, the alloy of Sample No. 27, whose calcium content exc eded 3 wt.%, was apparently too low in 
tensile strength to gain sufficient strength. y 
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Table 3 



5 


Sample 


Composition (wt . %) 


Casting 
crack 


Tensile 
strength 


Elon- 
gation 

(%) 


Creep 
elon- 




No. 




v— a. 


BP ' 


nil 


AJL 


length 
(mm) 


(MPa) 


gation 
(%) 


10 




28 


0.50 


3.00 


0.46 


4.50 


12 


223 


6.7 


0 . 03 






29 


0.95 


2.95 


0.4 5 


4.50 


15 


207 




- U • U «3 


IS 


CO 


30 


0.97 


3.00 


0.45 


6 .00 


0 


241 




n 




© 


31 


1.90 


3.00 


0.47 


5.31 


0 


191 


4 R 


n n** 




w 


32 


1.95 


2.96 


0-45 


7 . 48 


o 


24 1 

*tm "X X 


•J • / 


u . u / 


20 




33 


2.95 


3.00 


0.45 


6.70 


O 


i on 




0 . 03 






34 


3.00 


3.00 


0.45 


8.71 


r\ 

KJ 




2.0 


0 . 03 


25 


n 


35 


0.91 


2.95 


0.45 


4.00 




1 Q £ 


o . 0 


0 . 01 




a> 


36 


0.90 


3.00 


0.45 


6.45 


0 


254 


4 . 8 


0 , 24 


30 


t 

w 


37 


1.85 


2.97 


0.46 


5.00 


58 


186 


4 - 1 


0.03 




> 


38 


1.90 


3.00 


0.45 


7.90 


0 


252 


2.6 


0.31 




-H 

cd 
n 


39 


2 .95 


3 . 00 


0.45 


6.39 


60 


178 


1.8 


0.03 


3S 


§• 


40 


2.96 


3.00 


0.45 


9.20 


0 


244 


1.4 


0.25 




o 

CJ 


41 


3.50 


3 .00 


0.45 


8.22 


0 


161 


0.3 ] 


0.03 
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RE: Rare earth element (Misch metal) 



As apparent from Table 3, with respect to the magnesium alloys according to Example 3, the alloys of Sample 
Nos. 30 to 34 underwent no casting crack. Casting crack was observed on the alloys of Sample Nos. 28 and 29, but 
it was too slight to cause practical problems. In addition, the magnesium alloys according to Example 3 had excellent 
4* heat resistance as demonstrated by high tensile strength and low creep elongation at 1 50°C. 

On the other hand, with respect to the magnesium alloys according to Comparative Example 3, the alloy of Sample 
No. 35, whose aluminum content was lower than 4.5 wt.%, underwent casting crack. Besides, the alloys of Sample 
Nos. 37 and 39, whose aluminum and calcium contents were within ranges of 4.5-1 0 wt.% and 0.1-3 wt.%, respectively, 
but whose aluminum content was lower than the left member (2.77 + 1.33b) of the expression (4) (see FIG 3) also 
s ° underwent casting crack. 

Further, the alloys of Sample Nos.. 36, 38 and 40, whose aluminum and calcium contents were within ranges of 
4.5-10 wt.% and 0.1-3 wt.% r respectively, but whose aluminum content was higher than the right member (4 99 + 
1.33b) of the expression (4) (see FIG. 3), w re apparently high in creep longation and hence became low in heat 
resistance in a stressed state. 

, Furthermore, the alloy of Sample No. 41, whose calcium content exceeded 3 wt.%, was apparently too low in 
tensile strength to gain sufficient strength. 
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Example 4: 



Magnesium alloys of Sample Nos. 42 to 44 were n r0f)l „ 0 H io 
contents or the Misch metal, aluminum and calcium we e ^ 5 ^7 andTS^ of h EX3mp,e 1 «°^*- 
of manganese was varied within a range of 0 2-1 0 wt % 8 WL%> res P ectiv ely, and the content 



75 



2.40 + 1.33b £ a 4.25 + 1.33b 



(3) 



20 



25 



30 



35 



40 



45 



SO 



55 



.valuation t, tha aa™ ma™, a , h Exampte , Tr» 0 ^Jl£^ 1 °r ,,, " ! ! ,e8 ' S Cas "" B crack a '«"9th 
an. reMs o, „ «*, „ac k „ sl(wglh ^J^^S^XSS^S?? *"* ^ 
Comparative Example 4: 

Magnesium.alloys of Sample Nos. 45 to 47 were oroduroH in * h 
contents of the Misch metal, a.uminum and calcium we el Z y t IT To™ 35 * EX3mple 1 that the 

of manganese was varied outside a range of 0 2-1 O^Z t^l'lT 5 V res P ective| y. and the content 
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Table 4 




RE: Rare earth element (Misch 



metal) 



As apparent from Table 4 with resnort t« 
contentwas within the range of 0 2-1 u wtTth a ^LTfc^'T ^ accortin 9 to Example 4, whose manganese 
crack was observed on the a„oy of Sa^teNc ^T^h^^^ 1 '^^^^!^^ 
magnes.um al.oys according to Example 4 had extent e X , 9 *" * 03086 PraCtiCal prob,ems - ^ition, the 
low creep elongation at 1 50»C. ^ res,st ^ce as demonstrated by high tensile strength and 

contSwi^ Examp,e4.whoe mangan se 
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alloys of Example 4. It Is hence apparent that these magnesium alloys ar insufficient in heat resistance. 
Comparative Example 5: 

Magnesium alloys of Sample Nos. 48 to 50 were produced in the same manner as in Example 1 except that the 
content of manganese was controlled to 0.45 wt.%, the contents of calcium and aluminum were varied within ranges 
of 1 .8-1 .9 wt.% and 4.5-7.9, respectively and the content of the Misch metal was varied outside a range of 1 .0-3 0 wt , 
thereby performing the casting crack and strength evaluation tests in the same manner as in Example 1 . The compo- 
sitions of the magnesium alloys according to this comparative example, and the results of the casting crack and strength 
evaluation tests are shown in the following Table 5. - . ; • 



Table 5 



Sample 


Composition (wt.%) 


Casting 
crack 


Tensile 
strength 

(MPa) 


Elon- 
gation 

(%) 


Creep 
elon- 
gation 
(%) 


No. 




Ca 


RE 


Mn 


Al 


length 
(mm) 


m 


48 


1.80 


0.50 


0.45 


4.50 


0 


220 


5.0 


0.38 


49 


1.90 


4.00 


0.45 


7.90 


28 


234 


2.4 


0.01 




50 


1.90 


6.07 


0.45 


7.90 


55 


177 


0.7 


0.01 
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As apparent from Table 5, the alloy of Sample No.. 48, in which the content of the Misch metal which was used as 
a rare earth element was lower than 1 .0 wt.%, underwent no casting crack, but its creep elongation was great Besides 
the alloys of Sample Nos. 49 and 50, whose Misch metal content was higher than 3.0 wt.%, underwent casting crack.' 

The magnesium alloys according to the second embodiment of the present invention will hereinafter be described 

The magnesium alloys according to this embodiment can be obtained by die-casting alloy components in a com- 
position containing, based on the total weight of the alloy, 4.5-6.0 wt.% of aluminum, 1 .2-2.2 wt.% of calcium and 1 .0-3.0 
wt.% of a Misch metal as a rare earth element. 

If the content of aluminum in the magnesium alloy is lower than 4.5 wt.%, the formation of the aluminum-calcium 
type compound and the aluminum-rare earth element type compound becomes insufficient, so that the magnesium- 
rare earth element type compound and magnesium-calcium type compound of the eutectic phase are lamellarfy formed 
On the other hand, if the content of aluminum exceeds 6.0 wt.%, excess aluminum which does not combine with the 
rare earth element or calcium turns into a crystalline phase, p(Mg 17 AI 12 ), and the crystalline phase is thickly formed 

If the content of calcium is lower than 1 .2 wt.%, the effect of spheroidizing the aluminum-rare earth element type 
compound cannot be achieved, and moreover the aluminum^alcium type compound cannot fully cover the whole 
surface of the dendrite or a crystal grain. On the other hand, if the content of calcium exceeds 2.2 wt.%, an eutectic 
phase is formed, resulting in a brittle magnesium alloy. 

If the total content of the rare earth element in the magnesium alloy is lower than 1.0 wt.%, the absolute amount 
of the aluminum-rare earth element type compound crystallized out in the dendrite or a crystal grain is insufficient so 
that the effect of improving residual joint axial force cannot be attained. On the other hand, if the content of the rare 
earth element exceeds 3.0 wt.%, an aluminum-rare earth element type compound, for example, in a compositional 
ratio of aluminum to the rare earth element of 2:1 coarsely precipitates primary compounds, resulting in a very brittle 
magnesium alloy. . 

The magnesium alloys according to this embodiment may contain manganes within a range of 0.2-1 wt % based 
on the total weight of the alloy like the first embodiment. 

B sides, the magnesium alloys according to this embodiment may also contain zinc within a range in which zinc 
may be contain d as a solid solution in the matrix. Zinc is a solid solution-str ngthening element like aluminum How- 
ever, zinc «s easy to combine with rare earth elements and calcium, and so a zinc-rare earth element type compound 
alum.num^.nc-rare earth element type compound, zinc-calcium type compound and aluminum-zinc-calcium type com- 
pound are formed. When such zinc^ontaining compounds are crystallized out in the grain boundary, the resulting alloy 
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tends to reduce its residual joint axial force. 

Accordingly, the content of zinc in the magnesium alloys according to this embodiment, if contained, is within a range 
in which zinc may be contained" as a solid solution in the matrix, and is 0.5 wt.% or lower. 

In this embodiment, as the Misch metal, the same Misch metal as that used in the first embodiment is used. 

In this embodiment, magnesium alloys containing an aluminum-calcium type compound which covers the whole 
surface of a dendrite or a crystal grain in an alloy structure, and an aluminum-rare earth element type compound in 
the form of a spherical particle, which is crystallized out in a dendrite cell or a crystal grain boundary, are obtained by 
conducting die casting in the above-described composition. 

The results obtained by observing the structure of the magnesium alloy according to this embodiment will herein- 
after be described taking the case of a magnesium alloy containing 5.0 wt.% of aluminum, 1 .8 wt.% of calcium, 2.0 wt. 
% of the Misch metal as a rare earth element and 0.3 wt.% bf manganese and obtained by die casting. 

The structure of the magnesium alloy was observed by photographs of 1 ,000 and 5,000 magnifications of the alloy 
taken as a compositional image by a scanning electron microscope because it was difficult to separate the rare earth 
element type compounds from the calcium type compounds by an optical microscope. FIGs. 5 and 6 show copies of 
the electronic microphotographs of 1,000 and 5,000 magnifications, respectively. 

In the structure of the magnesium alloy, it is apparent .that as shown in FIG. 6, a lamellar aiuminum^aicium type 
compound 5 which covers the whole surface of the dendrite or a crystal grain 4 is formed in a dendrite cell or a crystal 
grain boundary, and an aluminum-rare earth element type compound 6 in the form of a spherical particle ranging from 
0.1 to 1 urn is further crystallized out in the compound 5. . 

A photograph of 75,000 magnifications was then obtained by a transmission electron microscope using a sample 
obtained by mechanically abrading and slicing the structure of the magnesium alloy, stamping a disc 3 mm across from 
the slice, abrading this disc up to #1 ,500 with wet abrasive paper and further abrading it into a thin film by electrolytic 
polishing. A copy of this electronic microphotograph is shown in FIG. 7. • 

In the structure of the magnesium alloy, it is apparent that as shown in FIG. 7, the lamellar aluminum-calcium type 
compound 5 which covers the dendrite or a crystal grain 4 in a thickness ranging from 0.1 to 1 ujtti is formed, . 

The compositions of the individual portions of the structure of the magnesium alioy shown in FIGs. 5 to 7 were 
then inferred by an energy dispersive method of X-ray spectroscopy. The results thereof are shown in the following 
Table 6. In the energy dispersive method of X-ray spectroscopy, cerium which amounts to about 60% of the Misch 
metal was detected as the rare earth element. 



Table 6 





Mg 


Al 


Ca 


RE 


Dendrite or a crystal grain boundary 




66.67 


33.33 




Al-Ca type compound 5 (thin layer) 


21.13 


51.51 


26.55 


0.81 ; 


AI-RE type compound 6 (spherical particle) 




78.4 


6.77 


14.82 


RE: Rare earth element (Misch metal) 



It is apparent from Table 6 that the lamellar aluminum-calcium type compound 5 which coversvthe dendrite or a 
crystal grain 4 is composed mainly of aluminum and calcium. It is also apparent that the aluminum-rare earth element 
type compound 6 in the form of a spherical particle, which is crystallized out in the dendrite cell or a crystal grain 
boundary, is composed mainly of aluminum and the rare earth element and contains calcium.. 

In the energy dispersive method of X-ray spectroscopy, the reason why the aluminum-calcium type compound 5 
contains magnesium is that magnesium in the matrix is unavoidably detected. 

According to the magnesium alloys according to this embodiment, high resistance to distortion can be obtained 
under a high-temperature and high-load environment by the crystal structure of the above constitution. Therefore, 
excellent residual joint axial force can be obtained under the high-temperature and high-load environment when they 
are used in engine covers, case parts and the like and joined by bolts. Example of the magnesium alloys according to 
this embodiment and Comparative Example thereof will now be described. • 

Example 5: 

In this example, magnesium having a purity of 99.9%, a Misch metal having a purity of 99.9% as a rare earth 
element, calcium having a purity of 99.8% and a magnesium alloy containing 3 wt.% of manganese were used to 
prepare compositions of Sample Nos. 51 to 60 by varying the contents of aluminum, the rare earth el ment, calcium, 
manganese and zinc within ranges of 4.5-6.0 wt.%, 1.0-3.0 wt.%, 1.2-2.2 wt.%, 0.2-1.0 wt.% and at most 0.5 wt.%, 
respectively, based on the total weight of the alloy. About 50 kg of an alloy material composed of each of the above 
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compositions were cast into a thick plate of 50 mm x 100 mm x 15 mm in size by a 250-t cold chamber die casting 
machine. * 3 

The thick plates formed of the respective alloys of Sample Nos. 51 to 60 were then separately worked into two 
plates of 30 mm x 30 mm x 12 mm in size. A through-hole 6 mm across was made in one of them to provide a flange 
7, while the other plate was subjected to thread cutting under conditions that a thread diameter was 6 mm and a pitch 
was 1.0 mm to provide a nut 8. The flange 7 and the nut 8 were joined by an M6 bolt 9 under a load of about 1 250 
kgf (initial axial force). 

After the flange 7 and the nut 8 which had been joined by the bolt 9 in the above<Jescribed manner were then 
subjected to a heat treatment for 400 hours in a muffle furnace of 150*C, they were taken out of the muffle furnace 
and air-cooled. An elongation of the bolt was then measured by a dial gauge 10 in a thermostatic chamber of 20"C 
thereby calculating an axial force after 400 hours from a calibration curve prepared in advance. The axial force thus 
calculated was then compared with the initial axial force to calculate retention of axial force (%) in accordance with the 
following equation: 

Retention of axial force (%) = (Axial force after 400 hours/Initial axial force) x 100 

Incidentally, the calibration curve was prepared by measuring the elongation of the bolt 9, by which the flange 7 
and the nut 8 had been joined as described above, by the dial gauge 10 while applying a load to the bolt 9 by a 25-t 
autograph and plotting the elongation of the bolt versus the load. With respect to the respective alloys of Sample Nos 
51 to 60, their compositions and retention of axial force are shown in the following Table 7. 

Comparative Example 6: 

Thick plates of magnesium alloys composed separately of compositions of Sample Nos. 61 and 62 were dieost 
in exactly the same manner as in Example 5 except that the content of aluminum was changed outside the ranqe of 
4.5-6.0 wt.% based on the total weight of the alloy. 

Thick plates of magnesium alloys composed separately of compositions of Sample Nos. 63 and 64 were die^ast 
in exactly the same manner as in Example 5 except that the content of the rare earth element was changed outside 
the range of 1 .0-3.0 wt.% based on the total weight of the alloy. 

Thick plates of magnesium alloys composed separately of compositions of Sample Nos. 65 and 66 were die-cast 
in exactly the same manner as in Example 5 except that the content of calcium was changed outside the ranqe of 
1 .2-2.2 wt.% based on the total weight of the alloy. 

A thick plate of a magnesium alloy composed of a composition of Sample No. 67 was die-cast in exactly the same 
manner as in Example 5 except that the content of zinc was changed to an amount more than 0.5 wt% based on the 
total weight of the alloy. 

With respect to the respective alloys of Sample Nos. 61 to 67, their retention of axial force (%) was calculated in 
exactly the same manner as in Example 5. The compositions and retention of axial force of the alloys of Sample Nos 
61 to 67 are shown in the following Table 7. 
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Table 7 





Sample 


Composition (wt.%) 


KcLeaLion or 
axial force 




NO . 




Al 


RE 


Ca 


Mn 


Zn 


10 




51 


4 . 50 


1.01 


1.20 


0.30 




€L C 

D3 






52 


5.35 


1.05 


1.92 


0.29 




o 7 


75 




53 


5.95 


1.02 


2.20 


0.32 




67 




54 


4.50 


1.96 


1.20 


0.30 


— 


68 




m 

or* 


55 


5.55 


1.95 


1.71 


0.28 




70 


20 


Or 


56 


5.98 


1.93 


2.16 


0.31 


— 


70 




X 
W 


57 


4.50 


2.95 


1.20 


0.27 




68 


25 




58 


5.59 


2.99 


1.71 


0.30 




70 






59 


6 . 00 


2.96 


2.20 


0.30 




70 






60 


5.53 


2.01 


1.70 


0.33 


0.5 


65 


30 


vo 


61 


3.95 


1 . 98 


1 . 72 


0.28 








<D 

a 


62 


6.65 


1.95 


1.75 


0.30 






35 


w 


63 


4.50 


0.50 


1.80 


0.27. 




35 ' 




> 


64 


5.55 


4.52 


1.70 


0.29 






40 


id 
u 


65 


5.52 


1.95 


0.65 


0.33 








id 

§• 


66 


5.50 


1.95 


2.79 


0.30 






45 


o 


67 


5.50 


2.02 


1.80 


0.30 


1.2 
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RE: Rare earth element (Misch metal) 
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It is apparent from Table 7 that all the magnesium alloys according to Example 5 have retention of axial force 
T 9 '* 9 ^ o 65 l ° ?0% and henCe P 053653 substantially the same excellent residual joint axial force as an aluminum 
alloy ADC1 2 under the high-temperature and high-load environment. On the other hand, all the magnesium alloys of 
comparative Example 6, whose aluminum, rare earth element, calcium or zinc content is outside the range accordinq 
to the present mvention. had retention of axial force as low as at most 42%. In addition, the alloys of Sample Nos 61 
64 and 66 were cracked under the high-temperature and high-load environment, and so their retention of axial force 
was unmeasurable. 

The structures of the magnesium alloys of Sample Nos. 61 and 65 were observed. The results th reof will now be 
described. 

The structure of the magnesium alloy of Sample No. 61 was first observed by photographs of 1 000 and 5 000 
magnifications of the alloy taken as a compositional image by a scanning electron microscope. FIGs. 9 and 10 show 
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copies of the electronic microphotographs of 1,000 and 5,000 magnifications, respectively. 

In the structure of the magnesium alloy, it is apparent that as shown in FIG. 10, many eutectics 11 are crystallized 
out in a dendrite cell or a crystal grain boundary, which is a grain boundary of the dendrite or a crystal grain 4, due to 
the low content of aluminum. 

The structure of the magnesium alloy of Sample No. 65 was then observed by photographs of 1,000 and 5,000 
magnifications of the alloy taken as a compositional image by the scanning electron microscope. FIGs. 11 and 1 2 show 
copies of the electronic microphotographs of 1 ,000 and 5,000 magnifications, respectively. 

In the structure of the magnesium alloy, it is apparent that as shown in FIG. 12, the aluminum-rare earth element 
type compound 6 crystallized out in a dendrite cell or a crystal grain boundary, which is a grain boundary of the dendrite 
or a crystal grain 4, is not spheroidized due to the low content of calcium. 

A photograph of 75,000 magnifications was then obtained by a transmission electron microscope using a sample 
obtained by mechanically abrading and slicing the structure of the magnesium alloy, stamping a disc 3 mm across from 
the slice, abrading this disc up to #1 ,500 with wet abrasive paper and further abrading it into a thin film by electrolytic 
polishing. A copy of this electronic microphotograph is shown in FIG. 13. 

In the structure of the magnesium alloy, it is apparent that as shown in FIG. 13, the lamellar aluminum-calcium 
type compound 5 incompletely covers the dendrite or a crystal grain 4 due to the low content of calcium. 

In the magnesium alloys disclosed herein and embraced by the accompanying claims, the balance of the alloy 
composition is constituted by magnesium and incidental impurities. 



Claims 

1 . A heat-resistant magnesium alloy containing, based on the total weight of the alloy, 4.5-1 0 wt.% of aluminum, 0. 1 -3 
wt.% of calcium, 1-3 wt.% of a rare earth element and 0.2-1 wt.% of manganese and having a composition that 
the contents of aluminum, calcium and the rare earth element satisfy the relationship of the following expression (1 ): 

1 .66 + 1 .33b + 0.37c < a £ 2.77 + 1 .33b + 0.74c (1 ) 

wherein a represents the content of aluminum, b represents the content of calcium, and c represents the content 
' of the rare earth element. 

2. A heat-resistant magnesium alloy according to Claim 1 , which is suitable for use in die casting. 

3. A heat-resistant magnesium alloy according to Claim 2, which is obtained by said die casting and contains an 
aluminum-calcium type compound which covers a dendrite or cccrystal grain in an alloy structure, and an aluminum- 
rare earth element type compound in the form of a spherical particle, which is crystallized out in a dendrite cell or 
a crystal grain boundary. 

4. A heat-resistant magnesium alloy according to Claim 2, which is obtained by said die casting in a composition 
containing, based on the total weight of the alloy, 4.5-6.0 wt.% of aluminum, 1 .2-2.2 wt.% of calcium and 1 .0-3 0 
wt.% of a rare earth element. 

5. A heat-resistant magnesium alloy according to Claim 1, wherein the rare earth element is contained as a Misch 
metal. 
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FIG. 1 




2 3-4 
Calcium (wt.%) 




EP0 791 662 Ai 



FIG. 2 
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FIG. 3 
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FIG. 9 
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FIG. 13 




